Development of modern water and wind erosion prediction technology requires information on the canopy structure of various plant species to accurately predict the canopy effect on the falling raindrop or the erosive force of the wind. The objective of this study was to develop equations to predict grain sorghum [Sorghum bicolor (L.) Moench] canopy structure characteristics. Grain sorghum plants were sampled weekly from emergence to maturity at Big Spring, TX (1986 1987), and Manhattan, KS (1987), to measure the following crop canopy parameters: plant height, stem length, leaf area, stem area, and canopy cover. Manhattan data were used to develop equations that relate canopy structure parameters of grain sorghum to the total aboveground dry weight, and Big Spring data were used to validate those equations. Leaf and stem area distributions with height also were determined. Coefficients of determination of predicted values using the Manhattan equations and Big Spring above-ground d y weight and the measured Big Spring data ranged from 0.987 for leaf area to 0.922 for stem length. Distribution of leaf and stem area with height remained essentially constant with plant age through the first 7 wk after planting. The equations can be used to supply canopy structure information needed by wind and water erosion prediction models currently under development.
structure, and flexibility of individual plants, the size and arrangement of plant parts, and the number of plants occupying a given area help to determine the aerodynamic roughness of the canopy, which determines the friction velocity at the top of the canopy (Shaw and Pereira, 1982) . The distribution of leaf and stem area with height is needed to determine the reduction of air-flow through the plant canopy and, thus, the velocity near the soil surface (Bache, 1986) . Distinguishing between stem and leaf area is necessary because leaves tend to streamline with the wind flow and have a drag coefficient (C,) of about 0.1, whereas stems remain rigid and have a Cd of about 1.0. Thus, on a unit area basis, stems are about 1 0 times more effective than leaves in reducing air-flow through the canopy.
The energy of a falling raindrop available at the soil surface for detachment of soil particles depends on the canopy height and fraction of canopy cover (Wischmeier and Smith, 1978; Quinn and Laflen, 1983) . The plant canopy increases the drop size, alters the spatial distribution (Armstrong and Mitchell, 1987) , and decreases the volume of rain reaching the soil surface once 50% cover is produced (Morgan, 1985) .
Wind tunnel tests to determine the small grain equivalent of growing grain sorghum plants indicate that wind erosion is prevented when dry weight of sorghum plants on 0.76-m rows exceeds 300 kg ha- (Armbrust and Lyles, 1985) .
Research was conducted to develop and validate equations for predicting the crop canopy structure characteristics of grain sorghum. These equations will be useful in the soil erosion prediction technology now under development.
MATERIALS AND METHODS
Grain sorghum was grown in 1986 ( O R 0 G) and in 1987 (Golden Acres TE-Dinero) on an Amarillo fine sandy loam (fine-loamy, mixed, thermic Aridic Paleustoll) at Big Spring, TX, and in 1987 (Golden Acres TE-Dinero) on Reading silt loam (fine, mixed, mesic Typic Argiudoll) at Manhattan, KS. Growing conditions for both locations and years are given in Table 1 . Thirty plants (10 from each of three replications) were sampled every 7 d from emergence to maturity. Plants were cut at the soil surface, placed in sealed plastic bags with wet paper towels, and returned to the laboratory where the following measurements were made: (i) plant height-base of plant to top leaf curve or top of head; (ii) stem length-base of plant to top leaf collar; (iii) stem diameter-20 mm abovc base and at top leaf collar, including sheath; (iv) peduncle lengthabove top leaf collar to bottom of head; (v) peduncle diameter-above top leaf collar and at bottom of head; (vi) length and width of head, if present-width at midpoint of length; (vii) dry weight of head-only that part of head emerged from leaf sheath; (viii) and leaf area and dry weight of stems and leaves for each one-fifth increment of plant height. Field measurements of canopy cover were made weekly within 1 h of solar noon (1234 CDT) in three areas, each 2 by 0.76 m, selected immediately after planting. Five positions in each area were marked as locations for canopy cover determination by the meter stick method (Adams and Arkin, 1977) . Rows were oriented north-south in 0.76-m spacing with final stand of 96 970 plants ha-'. Canopy cover was not determined at Big Spring.
Stem silhouette area was calculated with the following equation: 
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was used as the independent variable to predict canopy cover, plant height, stem length, leaf area per plant, and stem area per plant. Estimation equations were developed with Manhattan data and then applied to data collected at Big Spring. Two where BD = base diameter, TD = top leaf collar diameter, and SL = stem length. Because the EPIC plant growth model produces daily estimates of aboveground biomass, total above ground biomass (Table 2) . sets of equations were developed; one set for the period from emergence to maximum aboveground dry matter production and the other for the period from emergence to maximum canopy cover. Maximum canopy cover was selected as a cutoff point because at that point the soil surface should be sufficiently protected to prevent wind erosion (Armbrust and Lyles, 1985) . Although canopy cover was not measured at Big Spring, it was assumed that maximum canopy cover would occur at approximately the same time (near maximum leaf area) at Big Spring as at Manhattan. Leaf and stem areas were plotted against normalized height to ascertain how the distributions changed as the sorghum plants increased in size through the growing season. Heights were normalized by the leaf and stem areas for each one-fifth of the plant height divided by the total leaf and stem areas at the time the plants were sampled.
All equations were best-fitted to the natural growth function equation (Parton and Innis, 1972) below, by nonlinear regression (PROC NLIN) in SAS (SAS Institute Inc., 1985) .
[*I where Y = parameter to be estimated, X = total above-ground dry weight, a = asymptotic value of Y, and b = rate at which Y approaches a. Linear regression coefficients of determination 
RESULTS AND DISCUSSION
Measured values of aboveground dry weight, canopy height, leaf area, and canopy cover for Manhattan and Big Spring are given in Fig. 1 . Estimation equations developed from the Manhattan data are given in Table  2 . The coefficients of determination, slope, and the standard error for the values predicted, using the Manhattan equations and Big Spring total dry weight, vs. the measured values for the Big Spring data are shown in Tables  3 and 4 .
Judging by the coefficients of determination, the equations developed from the Manhattan data fit the Big Spring data well, even though the latter included 2 yr and two different grain sorghum hybrids grown under different environments. The 9 values for the period emergence to maximum canopy cover ranged from 0.995 to 0.899 (Ta-
PERCENT TOTAL LEAF AREA ble 3) and for emergence to maximum dry matter, from 0.958 to 0.854 ( Table 4) . The slope of the regression line was different from the 1:l line for plant height and leaf area for the period emergence to maximum dry weight for both years (Table 4) . The plants at Big Spring continued to increase in dry weight after leaf area began to decrease and the plant height had reached a maximum, so the equations based on total dry weight overestimated the leaf area and plant heights at Big Spring. For wind and water erosion prediction, the period of greatest importance is that from emergence to maximum canopy cover. Crop canopy structure characteristics that reduce wind and water erosion reach their maximum during this period (Morgan, 1985; Annbrust and Lyles, 1985) . The equations developed for the period from planting to maximum canopy cover at Manhattan do a good job of predicting the canopy structure for sorghum grown at Big Spring (Table 3) total area, are shown in Fig. 2 and 3 . The data for only the first seven harvests were used because wind erosion was assumed to be zero by this time and rain drop energy remains constant after maximum canopy cover is obtained (Armbrust and Lyles, 1985; Morgan, 1985) . Leaf area distribution is triangular, with the maximum leaf area occurring between 40 to 60% of the total height of the plant (Fig. 2) . The distribution of the leaf area with height remained constant regardless of the age of the plant. Stem area remained in the bottom 80% of the plant height (Fig. 3) . Average leaf and stem areas for all Samples are given in Fig. 4 . No statistical differences were found between locations in the distribution of normalized leaf area and stem area. Normalized leaf and stem area distributions with height determined in this study are similar to other grass species such as winter wheat, oat, and corn during early growth stages (unpublished data) and should be applicable to all grain sorghum cultivars. Although WERM is still under development and sensitivity analyses have not been conducted, we believe that the accuracy of the parameters estimated by the equations developed in this study will not adversely influence the accuracy of the predicted soil loss.
The equations developed from this study will be applied in the new wind erosion model, WERM, in the following manner. The crop submodel in WERM will predict the amount of aboveground dry weight present on a field of grain sorghum 20 d after planting. The estimation equations will calculate the height of the canopy, leaf area per plant, and stem area per plant. The leaf and stem areas will be distributed as a function of height through the canopy using the percentages in five heights segments shown in Fig. 4 . Using the proper relationships, the friction velocity above the canopy and the loss of wind energy through the canopy can be calculated and the amount of wind energy available at the surface to move soil particles determined. Similar calculations can be done to predict the effect of the canopy on water erosion.
SUMMARY
Cumulative biomass production of grain sorghum can be used to predict the canopy structure parameters of plant height, stem length, leaf area, stem area, and canopy cover from emergence to maximum canopy cover development. Distribution of leaf and stem area with height remained essentially constant with age of the plant through the first 7 wk after planting. Leaf area distribution remained nearly constant until maturity. The prediction equations can be used to obtain values of canopy structure for use in the new wind and water erosion models.
